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Functional magnetic resonance imaging (fMRI) has considerably advanced the understanding of
peripheral and central neural mechanisms underlying orofacial movements (e.g., chewing, swallowing,
digestion, and speech). The principle advantages of fMRI lie in its noninvasive nature, relatively high
spatiotemporal resolution, and ability to identify the entire network of brain areas involved in
particular tasks. However, there remain substantial and valid criticisms of fMRI based on its spatial
and temporal limits. Although further improvements in the existing technology will enhance the
scientiﬁc value of fMRI, the use of fMRI is in the early stages of translation from the research laboratory
to clinical practice. In order to make clinically meaningful contributions, challenging questions must be
answered regarding therapeutic applications of fMRI to the dental and craniofacial ﬁeld.
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In medical practice, magnetic resonance imaging (MRI) is
primarily used to produce structural images of organs. In
addition, it can provide information on the physicochemical state
of tissues, their vascularization, and perfusion. Functional MRIciation for Oral Biology. Published
te Medical University School
-gun, Iwate 028-3694, Japan.
ra).
versity, School of Oral Health(fMRI), which emerged in the early 1990s, is a technique for
measuring hemodynamic changes after enhanced neural
activity. The blood–oxygen-level-dependent (BOLD) contrast
mechanism is currently the foundation of human neuroima-
ging [1]. The principal advantages of fMRI lie in its noninvasive
nature, its relatively high spatiotemporal resolution, and its
ability to identify the entire network of brain areas engaged
during particular tasks. Over the past decade, patterns of
brain activation associated with various cognitive processes
have been measured, and there have been considerable advances
in our understanding of the peripheral and central neural
mechanisms underlying the initiation and regulation of motor
functions [2].by Elsevier B.V. All rights reserved.
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activation associated with oral functions (e.g., chewing, swallow-
ing, digestion, and speech) and the somatotopic representation of
the lips, teeth, and tongue have been successfully measured using
fMRI [3–5]. Nevertheless, there remain substantial and valid
criticisms of fMRI, including its indirect approach, the appearance
of artifacts, and its spatial and temporal limits. Technical devel-
opments, together with increased magnetic ﬁeld strength, have
improved the quality of the data obtained in human magnetic
resonance studies [2,6,7].
This review summarizes the available evidence in this ﬁeld of
study and considers the accomplishments of current fMRI meth-
ods. Finally, we look ahead toward future research.2. Advances in studies of oral function through fMRI
2.1. Somatosensory system
The primary sensory cortex (SI) is principally involved in
somatosensation and mirrors the topographic arrangement of
the body. In the orofacial region (face SI), represented in the
rostral portion of the postcentral gyrus (GpoC), the representation
of the teeth is located superior to that of the tongue and inferior
to that of the lips, consistent with the classical ‘‘sensory homun-
culus’’ proposed by Penﬁeld [8]. This somatotopic representation,
however, becomes is less deﬁned in the middle and caudal
portions of the GpoC due to overlap of each representation [3].
It is now evident that the face SI has a vital role in the generation
and control of voluntary elemental, semiautomatic, and rhythmic
orofacial motor functions. The primary motor cortex (M1) is also
organized topographically, with the face M1 located most later-
ally. Body-part representations (somatotopic map) in the lateral
motor cortex, however, differ from a simple linear arrangement of
body parts. In other words, the map has a blurred, overlapping
somatotopy of body parts from the face to the leg, in which the
representations of the different body parts are intermingled [9].
It is often noted that fMRI measures changes in blood ﬂow
rather than neuronal activity per se; therefore, the technique is
inherently indirect and noisy and cannot measure an individual
neuron’s ﬁring or the precise temporal coding of neuronal
activity [2]. The combination of a low magnetic ﬁeld (1.5 T) and
the traditional gradient-echo echo-planar imaging (GE-EPI) is
prone to many localization errors. Spatial speciﬁcity increases
with increasing magnetic ﬁeld strength; thus, high-magnetic
ﬁelds improve the quality of the data obtained in human MRI
studies.
At all pathway levels, the spatial arrangement of neurons and
their afferent ﬁbers provides a somatotopic representation (for a
review, see [10]). Nash et al. [11] reported that orofacial cuta-
neous and muscular nociceptive information as well as innocuous
cutaneous stimulation are differentially represented within the
trigeminal nuclear complex. During cutaneous pain, the entire
rostrocaudal extent of the spinal trigeminal nucleus displayed
increased signal intensity, encompassing the ipsilateral oralis,
interpolaris, and caudalis subdivisions. In contrast, muscle pain
activated a region of the ipsilateral pons in the region of the
trigeminal principal sensory nucleus (Vp). Innocuous orofacial
stimulation (lip brushing) evoked a signiﬁcant increase in signal
intensity in the ipsilateral Vp; however, non-noxious muscle
stimulation did not evoke an increase in this area. Furthermore,
a recent study using magnetoencephalography in humans sug-
gested parallel processing of nociceptive somatosensory input to
SI and SII [12], although a number of studies have suggested that
non-nociceptive somatosensory input is processed serially from SI
to SII (i.e., from thalamus to SI and then from SI to SII) [13].Whether nociceptive and non-nociceptive somatosensory inputs
are processed differently remains a matter of debate [14].
2.2. Olfaction and smell
Traditionally, basic research on the sense of smell has focused
on the initial processing stages between olfactory receptor neu-
rons and the olfactory bulb (for reviews see [15,16]). Thus far,
fMRI has not been used to investigate the activation patterns of
the olfactory bulb due to its small size and its location at the
interface between the brain and sinus. This has prevented a good
understanding of olfactory processing in humans.
Neuroimaging methods in conjunction with multivariate ana-
lytical approaches have now enabled the collection of ensemble
pattern data in humans. The piriform cortex is an important
substrate of odor perception (for reviews, see [17,18]). An fMRI
experiment in humans [19] showed that odor coding is function-
ally dissociable in the piriform subregions. Odorant identity, the
composite sum of an odorant’s molecular and chemical constitu-
ents, is encoded in the anterior piriform cortex, where signal
ﬁdelity of the original stimulus can be preserved. Odor quality is
encoded in the posterior piriform cortex, a sensory associative
area where object representations are deﬁned and updated
through learning and experience.
The involvement of the orbitofrontal cortex in odor discrimi-
nation learning, encoding of food-based rewards value, multi-
sensory integration and associative learning has also been
observed in many fMRI studies in humans (for a review, see
[17]). Downstream relays from the primary olfactory cortex to the
orbitofrontal cortex, agranular insula, hypothalamus, lateral and
basolateral amygdala, perirhinal cortex, hippocampus, and stria-
tum link odor inputs to systems associated with affective learning
and memory. This extended olfactory network, which encom-
passes a large portion of the limbic and paralimbic cortices,
reﬂects the importance of the sense of smell for mediating
physiological and behavioral responses to emotionally arousing
events (for reviews, see [17,20]).
Interestingly, the olfactory system lacks an obligatory thalamic
relay between the sensory periphery and neocortical areas. This
implies either that the olfactory system has no need for thalamic
functions of other sensory modalities (e.g., feature extraction, gain
control, perceptual awareness, and corticocortical communica-
tion) or that an alternative area, such as the olfactory bulb or the
piriform cortex, fulﬁlls this role [21]. Further improvements in
existing technology will enhance the scientiﬁc value of fMRI in
the study of human olfaction.
2.3. Jaw movements, chewing, and mastication
Exploration of the cortical areas related to mastication with
positron emission tomography (PET, using 15O-labeled water)
showed that the Rolandic area in the sensorimotor areas of the
cortex was activated most strongly, followed by the supplemen-
tary motor areas, insula, striatum, and cerebellum [22]. Consistent
with PET studies, fMRI studies showed that BOLD signals
increased in the sensorimotor cortex, cerebellum, thalamus,
supplementary motor area, insula, and prefrontal area [5,23,24].
The orofacial motor system has unique characteristics such
that many orofacial movements (e.g., chewing, swallowing, diges-
tion, and speech) require exquisite motor control processes to
coordinate the activity of the vast array of muscles in the orofacial
region, sensory input, peripheral effector organs, and central
nervous control. The fMRI applications are beneﬁcial, because
they can demonstrate the entire network of brain areas engaged
when subjects undertake particular tasks. On the other hand,
fMRI studies of brain activity during jaw movements have faced
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tional analysis of MRI time series from one or more subjects;
therefore, the analysis was strongly inﬂuenced by head motion
associated with the movements [25]. Minimal non-neuronal noise
must be ensured in order to isolate meaningful information and
identify spatial patterns while study subjects respond to stimuli
or perform speciﬁc tasks. Second, most studies used time-inte-
grated averaging procedures and analyzed the data using
subtraction methods. Traditional block designs have excellent
functional contrast-to-noise ratios, but they are usually long
(from 20 to 40 sec). Repetition of an identical stimulus does
indeed reduce the fMRI signal but may be confounded by the
general state of arousal of the subjects.
In comparing the complex movement of chewing with the
simple opening and closing of the mouth between middle-aged
and young subjects, the number of areas activated in both hemi-
spheres was found to be higher during chewing probably due to
the greater number of muscles involved [23–28]. The intensity of
activity was higher overall for chewing than for opening and
closing the mouth. One possibility is that the individuals in the
older group had fewer teeth and thus found chewing more
difﬁcult to perform than simply opening and closing the mouth.
In any dimension, neuroimaging is useful for assessing the
effects of aging by evaluating the patterns of activation of the
brain induced by different kinds of activities. Any possible
relationship between aging and motor activities in the human
brain has been examined by fMRI [24–26,28] (Fig. 1). Voluntary
jaw movement (clenching and tapping tasks) activates the sen-
sorimotor cortex and the premotor cortex [25]. In the task of
opening and closing the mouth, the involvement of the premotor
area was less discrete in the younger groups [24]. For movement
in the facial region, the prefrontal cortices on both sides of the
brain in the aged group were activated, while in the younger
groups, the lentiform nuclei in one hemisphere were activated.
The insula and sometimes the claustrum were involved [24].
More activated cortical sites tend to be observed upon movement
in aged individuals. In addition, D’Esposito et al. [29] and Ward
et al. [30] have indicated that BOLD signals can be affected by
normal aging. Apart from the effects of aging on various activation
patterns in the brain, aging can cause other changes (e.g.,Fig. 1. Signiﬁcant increases in signals during mastication in the young group and elder
multiple comparisons). Abbreviations: MI, primary motor cortex; SI, primary somatosen
association area; Th, thalamus; Cbll, cerebellum; Bg, basal ganglia.chemical concentration [31], volume changes of different regions,
changes in neuronal viability and membrane susceptibility,
increased glial cells, changes in synaptic proteins and plasticity,
changes in neurotransmission, transporters, and receptors,
and decreased water content). Therefore, fMRI results should be
interpreted with care.2.4. Swallowing and deglutition
In humans, the control of tongue movements is essential for a
wide variety of behaviors, including chewing, swallowing, diges-
tion, and speech. Additionally, the muscles of the tongue, in concert
with other muscles of the oro- and nasopharynx, play an important
role in maintaining upper airway patency [32]. Investigations
during neurosurgery have demonstrated that the tongue is repre-
sented bilaterally close to the lateral ﬁssure [8]. The motor cortex
mediates voluntary and behavioral control of tongue movement
via corticobulbar connections to the lower motor neurons located
within the hypoglossal nuclei of the medulla. Imaging of brain
function via PET has conﬁrmed the location of the representation of
the tongue in the motor cortex [33], as determined originally by
electrophysiological studies. BOLD-fMRI has established that ton-
gue contraction activates the sensorimotor cortex, supplementary
motor area, operculum, insula, thalamus, cerebellum, and hypo-
glossal motor nuclei [34]. Noise arising from cardiac- and respira-
tory-related movement was removed either by ﬁltration or by their
inclusion in the statistical analysis as confounding effects of no
interest. Tongue elevation activates the anterior cingulate cortex
(ACC), supplementary motor area (SMA), right precentral and
postcentral gyri, premotor cortex, right putamen, and thalamus.
Swallowing activates multiple regions of the human cerebral
cortex; the most prominent activation foci implicated in voluntary
swallowing of a water bolus and voluntary swallowing of saliva
correspond to the lateral pericentral cortex, perisylvian cortex,
ACC, and right insula. Both swallowing and tongue elevation
activate the left lateral pericentral and anterior parietal cortex,
ACC, and adjacent SMA. The suggested activation foci speciﬁc to
swallowing are the left pericentral and anterior parietal cortex,
rostral ACC, precuneus, and right parietal operculum/insula [35].ly group. Activated areas superimposed on a template (po0.0005, uncorrected for
sory cortex; SMA, Supplementary motor cortex; PrF, Prefrontal area; PaA, Parietal
Fig. 2. Dual-stream model proposes that a ventral stream, which involves structures in the superior and middle portions of the temporal lobe, is involved in processing
speech signals for comprehension (speech recognition). A dorsal stream, which involves structures in the posterior frontal lobe and posterior dorsal-most aspect of the
temporal lobe and parietal operculum, is involved in translating acoustic speech signals into articulatory representations in the frontal lobe, which is essential for speech
development and normal speech production. Abbreviations: pIFG, posterior inferior frontal gyrus; PM, premotor cortex; Spt, sylvian ﬁssure at parietotemporal boundary;
STG, superior temporal gyrus; STS, superior temporal sulcus; aMTG, anterior middle temporal gyrus; pMTG, posterior middle temporal gyrus; aITS, anterior inferior
temporal sulcus; pITS, posterior inferior temporal sulcus.
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Neurological speech production theories of language have a
long-standing tradition of distinguishing specialized modular
centers for speech perception and speech production in the left
superior temporal and inferior frontal lobes, respectively [36]. To
understand the function of a distributed, large-scale system such
as the function underlying linguistic capacities, it is necessary to
know the architectural units that organize neural populations of
similar properties and the interconnections of those units. Such
separate speech-production and speech-perception modules are
consistent with a number of neuroimaging studies. In particular,
frontal circuits become most strongly active during speech
production, and speech input primarily activates the left superior
temporal gyrus and sulcus [37]. It is reasonable to postulate a
speech-perception module conﬁned to the temporal cortex spe-
ciﬁcally processing acoustic information that is innate to speech.
However, as these systems are reciprocally connected with
each other, information about language and action might be
served by distributed interactive functional systems rather than
by local encapsulated modules (for reviews, see [37,38]). As
shown in Fig. 2, the earliest stage of cortical speech processing
involves some form of spectrotemporal analysis, which is carried
out in auditory cortices bilaterally in the supratemporal plane.
Phonological-level processing and representations involve the
middle to posterior portion of the superior temporal sulcus
bilaterally. Subsequently, the system diverges into two broad
streams: a dorsal pathway that maps sensory or phonological
representations onto articular motor representations and a ven-
tral pathway that maps sensory or phonological representations
onto lexical conceptual representations. In the future, researchers
will be tasked with specifying the details of the within-stream
organization and computational operations. The combination of
fMRI with other techniques and the parallel use of animal models
will be the most effective strategy for understanding brain
function.
How the sensory and motor systems interact and how higher
cognitive processes contribute to these computations is not fully
understood. An inﬂuential theory views input systems as separate
from motor systems: input systems ﬁlter sensory input in a feed-
forward manner, resulting in perceptual processes that, after
possibly interacting with attention, emotion, and memory mod-
ules, inﬂuence actions controlled by the motor system. Recent
years have seen major challenges to this hypothesis through the
discovery of sensory motor neurons that are active during bothaction execution and corresponding perceptions. The multimodal
action, speciﬁcally of mirror neurons, suggests action-perception
integration at the neuronal level, possibly in the form of neural
circuits distributed over sensory and motor areas [39–41].
According to this ‘‘integration view’’, perception, cognition and
motor control share neuronal mechanisms to which sensorimotor
neurons are of key importance.3. Applications of fMRI in translational medicine and clinical
practice
In humans, fMRI is used routinely not only to study sensory
processing and action control, but also to draw provocative
conclusions about the neural mechanisms of cognitive capacities,
ranging from recognition to memory [6]. Now, real-time fMRI
(rtfMRI) is exploring the possibility of viewing one’s own brain
activation ‘‘live’’ [7]. The ability to observe one’s own brain as the
mind’s processes unfold might allow us to become aware of and
learn to control some of the most important aspects of human
life: conscious experience, cognition, emotion, action, non-con-
scious functions, and even the breakdown of these processes in
disease.
Furthermore, developments in neuroimaging are now being
translated into many new potential practical applications, includ-
ing the reading of brain states, brain–computer interfaces, com-
municating with locked-in patients, lie detection, and learning
control over brain activation, to modulate cognition or even treat
disease.
These applications remain in the early stage of translation
from the research laboratory to clinical practice. Before the
effective, routine use of fMRI can make clinically meaningful
contributions (i.e., to the understanding of clinical syndromes and
the development of new therapies), challenging questions must
be answered in order to translate research results into therapeutic
developments and applications.
3.1. Applications for diagnosis of diseases in dental practice
In medical practice, MRI is primarily used to produce struc-
tural images of organs. MRI has been used in the region of the
temporomandibular joint (TMJ) [42], salivary glands [43–45], and
swallowing [46]. In the region of the TMJ, for instance, MRI is
commonly used to examine disk position and conﬁguration,
posterior disk attachment and mandibular marrow status, and
Fig. 3. Signal increases in areas associated with tapping with (A) and without dentures (B) in the elderly edentulous (EE) and denture-wearing (EDW) groups.
Upper section: Activated areas superimposed on a template (po0.05, uncorrected for multiple comparisons). Lower section: Activated regions superimposed on a
T1-weighted image (po0.05, uncorrected for multiple comparisons). Abbreviations: M1, primary motor cortex; SI, primary somatosensory cortex; PrF, prefrontal cortex;
Th, thalamus; Cbll, cerebellum; Bg, basal ganglia.
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typically appears as a bright signal on T2-weighted MR images,
has been associated with pain in patients with TMJ disorders
[47,48]. MRI ﬁndings of TMJ internal derangement, osteoarthrosis,
effusion, and bone marrow edema are additional reasons for TMJ
pain during mouth opening and biting in patients with disk
displacement [42].
3.2. Cortical adaptive processes associated with the teeth loss or
replacement in humans
An important question for both basic scientists and clinicians is
what happens to the brain after a peripheral nerve or receptor is
damaged or otherwise inactivated. Growing evidence from human
and animal research indicates that sensory deprivation has devas-
tating effects on development, learning, and cognitive behavioral
performance, and adaptations are inextricably linked to changes at
multiple levels of the brain (for reviews, see [49–51]).
When patients with complete dentures (CDs), implant-supported
over-dentures (IODs), and implant-supported ﬁxed-dentures (IFDs)
performed clenching tasks, BOLD signals were found in different
areas. A study using fMRI [52] demonstrated that clenching sig-
niﬁcantly activated the primary somatosensory cortex, primary
motor cortex, prefrontal cortex, thalamus, and basal ganglia in the
IFD group. In representative CD patients, the main activated regions
were found in the prefrontal cortex (PFC). The sensorimotor cortex
(SI/MI) was not activated in this group. In the IOD group, signals
were found in the precentral gyrus, Broca’s area, and basal ganglia,
and sensorimotor cortex (SI/MI) activity was found in some patients.
IFD patients showed the most extensive brain activity, which
included activity in the sensorimotor cortex (SI/MI), Broca’s area,
PFC, middle temporal gyrus, basal ganglia, and insula [52]. Sensory
and motor functions of the masticatory system impaired by missing
teeth can be restored, because of the reacquired sensory inputs from
dental implants as a result of regained sensorimotor cortex (SI/MI)
representation [52].Among elderly edentulous (EE) persons who have lost sensory
inputs from their teeth, we have compared fMRI activities
between persons with and without dentures. As shown in
Fig. 3, the elderly denture-wearing (EDW) group showed activa-
tion in the primary motor cortex, somatosensory cortex, and
cerebellum more broadly than the EE group. Additionally,
the EDW group showed activation in the thalamus and basal
ganglia. As we expected, the loss of sensory afferents from
the teeth and periodontal tissues inactivated the thalamus in
the EE group. Furthermore, the basal ganglion, which is
involved in the control of voluntary jaw movements, was not
activated in the EE group. We suggested that the thalamus
and basal ganglia of a masticatory system impaired by missing
teeth can be restored by the reacquired sensory input from
dentures as a result of regained thalamus and basal ganglia
representation [53].
Understanding the nature of these neuroplastic changes is
important, not just in terms of establishing the brain’s true
adaptive potential, but also in elucidating intervening develop-
mental constraints and guiding future rehabilitation strategies.
A comparison of BOLD task-evoked activation patterns could
discriminate the functional disturbances and recovery from func-
tional deﬁcits, suggesting that fMRI activity may hold valuable
diagnostic and prognostic information for healthy and patient
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